Over the last decade the intense activity of the building sector has generated large quantities of construction and demolition waste (CDW). In particular, in Europe around 890 million tons of CDW is generated every year; however, only 50% of them are recycled. In Spain, over the last years 40 millions of tons of construction and demolition waste have been generated. On the other hand, since the implementation of the Technical Building Code regulation the use of mineral wools as building insulation materials has become a widespread solution in both rehabilitation and new construction works, and because of that, this kind of insulation waste is increasing. This research analyzes the potential of a new composite (gypsum and fiber waste) including several mineral wools waste into a plaster matrix. For this purpose, an experimental plan, characterizing the physical and mechanical behaviour as well as the Shore C hardness of the new composite, was elaborated fulfilling UNE Standards.
Introduction
Over the last decade the intense activity of the building sector has generated large quantities of construction and demolition waste (CDW). In particular, in Europe around 890 million tons of CDW is generated every year; however, only 50% of them are recycled [1] . In 2010 Europe generated about 857 million tonnes of CDW, including hazardous waste and soils, and the estimated mineral wool waste volume in this year was 2.3 million tonnes [2] . Accordingly, 0.2% of all CDW generated is mineral wool.
Mineral wool is widely used as a building insulation material, representing around 60% of the total building insulation market [3] . In Europe, the annual production of mineral wool-in volume-between 2003 and 2011, showed an average growth rate of 0.91%. Values in Figure 1 show a great variation in production volumes between years, but the general trend for production volumes is to grow annually.
Due to the importance of this waste, European countries are enforcing national and international policies as well as other measures purposed to minimize the negative effects of waste generation and management on human health and on environment. The purpose of waste policy is also to reduce the use of resources and therefore their resulting environmental impact.
In Spain, over the last years 40 millions of tons of construction and demolition waste have been generated, 72% is residential works and 28% in civil engineering works [4] . Therefore, the construction sector and especially in residential construction must assume the aim of reducing the harmful impact that it produces. Consequently it is essential to introduce new measures for CDW prevention or searching for new ways for CDW recycling.
In Spain, the Royal Decree 105/2008 of February 1 is the document that currently regulates the construction and demolition waste at national level, including CDW production and management [5] . This Royal Decree is an essential element of Spanish policies regarding CDW and contributes to the sustainable development of such an important sector for Spanish economy as the construction industry is. Among the main objectives proposed by this Royal Decree, the promotion of reuse and recycling of inert waste from construction and demolition activities can be highlighted.
According to the figures of AFELMA (Spanish Association of Mineral Wool Insulation Manufacturers) website, Figure 2 shows the total sales-in millions of Euros-and the production-in cubic meters-of insulating mineral wools (glass wool and rock wool) from 2006 to 2013 in Spain [6] . The mineral wool waste studied in this research is codified by the European Waste List (EWL) as 17 06 04, "Insulating material not containing any asbestos nor hazardous substances, " and it is characterized by low levels of reuse, recycling rate, and other ways of recovery. Therefore, the research carried out here studies the feasibility of incorporating CDW mineral wool waste as raw material in plaster matrix in order to reduce its disposal in landfills.
Previous studies focus on reinforcing plaster or gypsum materials by incorporating fibres. In general, results showed an improvement in flexural strength and a decrease in compression strength (Table 1) compared to the values obtained with the plaster without any additive (reference).
Among the natural fibres used for plaster/gypsum reinforcement, the following can be highlighted: short cellulose, sisal, and straw fibres. The behaviour of plaster reinforced with sisal fibres has been discussed by de Oteiza San José and Hernández-Olivares [7, 16] . Moreover, research studies by Klöck and Rahman analyzed the use of paper fibre as reinforcement for gypsum [17, 18] . Gypsum reinforced with straw fibre was studied by Gao or Vardy [19, 20] .
Many references have been found adding synthetic and mineral fibres to plaster or gypsum matrix-mainly polymer and glass fibres. Ali, Wu, and del Rio Merino studied the mechanical properties of glass fibre E used for reinforcing gypsum [8, 9, 21] . Santos studied a new gypsum material with EPS beads and short propylene fibres [10] , as well as the theoretical model of the mechanical behaviour of plaster and its polymer fibres composite [11] . Moreover, Deng and Furuno also analysed gypsum reinforced with polypropylene fibers [12] . However, none of the fibres used in the above studies came from a recycling process. Therefore, no studies were found reinforcing gypsum composites by adding mineral wool fibres waste.
Furthermore, there are many research studies about the addition of recycled materials, either industrial waste or CDW, in plaster, gypsum, concrete, or mortar. Recycled aggregates are commonly added to concrete, mortar, and asphalt, replacing natural aggregates in road base and subbase layers. Aguilar, Yoda, and Abbas characterised the concrete material elaborated with recycled aggregates from the demolition of concrete structures [22] [23] [24] . K.-L. Lin and C.-Y. Lin studied the use of waste sludge ash as raw cement material [25] . Also, other studies focusing on the addition of CDW in plaster matrix are found. Madariaga and Macia studied the addition of expanded polystyrene waste (EPS) gypsum and plaster conglomerates for construction [26] . Moreover, Demirboga and Kan analyzed the addition modified waste expanded polystyrene (MEPS) in concrete [27] . Sabador et al. studied coated paper sludge in a material with pozzolanic properties [28] . del Río Merino investigated gypsum lightened with cork and its application as drywalls for construction [29] .
Furthermore, after a thorough revision of literature and scientific articles dealing with gypsum composites, no studies considering mineral wools from CDW were found. Therefore, the main objective of this research is to study the physical and mechanical performance of mineral wools waste added to a plaster matrix and the feasibility of a new composite with less significant environmental impact.
Experimental Plan
The tests were made in the Construction Materials Laboratory at the School of Building Engineering at the Technical University of Madrid (UPM). The environmental conditions of the laboratory were 23 ± 2 ∘ C of average temperature and 50 ± 5% of relative air humidity.
Materials.
The materials used were plaster and recycled CDW fibres (mineral wools, rock wool, and glass wool).
The plaster used is classified as E-30-E35 depending on its origin (conglomerate with a plaster base) according to UNE standard 13.279-1 [30] and it is a product certified by N mark of AENOR. Table 2 shows the main characteristics of plaster E35 Iberyola fast-setting of Placo Company used in this research.
Mineral wool is a flexible material made of inorganic fibres, consisting of interwoven strands of stone materials forming a felt which contains and keeps air motionless. They are obtained through smelting, centrifuging, and other treatments and they are used in construction as thermal and acoustic insulation. Some mineral wools manufacturers include on their labels the detailed environmental information of each product, specifying both the energy needed for its manufacture and the quantity of waste generated. Table 3 shows an example of it. The difference with other insulations is that this is a fireresistant material, with a melting point higher than 1200 ∘ C. There are two kinds of wools depending on the mineral used as raw material, the glass wool obtained from glass, and the rock wool obtained from basalt rock. Both wools are traded in lots of formats, but mainly through panel or rigid or semirigid sheets.
Due to the fact that rock wool is made from basalt, some manufacturers consider that consequently it is a natural product 100% recyclable and thus ideal for the development of sustainable building projects [31] . Moreover, mineral wools can also be used for creating new wools. More specifically, we find the following recycling percentage: 66% of rock wool rejected during the production process and 75% of glass wool [32] . Recycled glass is also added during the glass wool manufacturing process.
However, as both mineral wools need a large amount of energy for their manufacturing, it seems interesting to look for another purpose, both for the material rejected during the production process and for CDW because this one has not undergone any recycling, reuse, or recovery process.
The mineral wool waste used in this research was generated in a new building under construction located in Madrid (Spain). More specifically, the glass wool waste came from the mineral glass wool panels sold by Ursa Glasswool, in conformity with standard UNE EN 13162 [33] , not hydrophilic and coated with kraft paper printed as a vapour barrier. Their potential use is as insulating material for both brickwork and double skin facades. Table 4 shows the main features of Ursa Glasswool used.
On the other hand, the rock wool waste used in this research was generated from the Ursa Terra mineral wool panel. This panel-without coating and supplied in rollsmeets the requirements of UNE EN 13162 standard and it is normally used as insulating material for interior partitions and battered walls. Table 5 shows its main features.
Both glass and rock wools were subjected to the same recycling treatment in order to be incorporated into a plaster matrix; that is, they are crushed, for two minutes, in a 1500 W power and 50780 Hz frequency machine (Figure 3 ).
Methods.
Initially, a study under the microscope is carried out to establish the complete features of the recycled wools. Subsequently, different test samples 4 × 4 × 16 cm were prepared with E35 plaster, recycled rock, and glass wools, following standard UNE-EN 13279-2 [34] .
Fourteen series were carried out incorporating previously treated rock wools waste, with a w/p relation of 0.6 and 0.8 and 1% to 10% of rock wools waste. Then, eleven series were carried out with treated glass wool waste, with a w/p relation of 0.6 and 0.8 and 1% to 10% of glass wool waste. In both cases, when surpassing 10% of wool waste addition the workability of the mixture became unfeasible. Therefore, additives will be needed if the percentage of wool waste is increased. Figure 4 shows how both glass and rock wools are distributed homogeneously when incorporated into a plaster matrix.
Shore C hardness measures were taken according to UNE-EN 102-039-85 [35] , and the reference standard for flexural and compressive strength was UNE-EN 13279-2 using the machine model Ibertest. 
Results and Discussion
The average results obtained have been summarized in Table 6 and are further detailed in the following subsections.
Microscope Analysis.
The final mechanical properties do not depend only on the added percentage of fibres but also on the specific bonding between the fibre and the matrix, a contribution which is essential for the material strength. Therefore, a microscope analysis was done in order to determinate the length of the fibres, their composition, and the adherence between the matrix and recycled fibres. As seen in Figures 5 and 6 , both rock wool and glass wool fibres used in this study were less than 0.05 mm thick and their length vary ranging from 10 mm to 30 mm.
The microscopic bonding can be analyzed through internal superficial contacts between the matrix and the fibres. In this kind of relations the behaviour can be observed by establishing its extraction force. The greater the force bond and the more compact inside the matrix, the greater the contribution to extraction force. This contribution to the increase of strength is zero if the length of the fibre is encased in a pore. Bonding improves when the fibres show a rough or porous surface.
Dry Bulk Density.
The addition of mineral wool waste to a plaster matrix involves an increase of density in all the cases analyzed in this research (Figure 7) . The results show that when adding mineral wool waste (up to 4%) in a gypsum matrix, similar density values than those obtained by the reference series are reached (less than 3% of deviation). This deviation is increased when surpassing 4% of mineral wool waste addition. This increase is not significant since the biggest difference is around 6.75% for the sample with 10% of rock wool (RW) addition and 6% for the sample with 10% of glass wool (GW) addition (Table 6 ).
Hardness Shore C.
The addition of mineral wool waste to a plaster matrix entails an increase of the surface hardness in all the cases (Figure 8 ). Values of surface hardness Shore C increase and reach their maximum with 4% mineral wool sample. With this percentage of waste the results are 14.64% higher than the reference series for recycled rock wool and 11.23% for recycled glass wool. From this point on hardness decreases slightly but it always remains above the reference value.
Flexural
Strength. An important increase on strength is observed when increasing the addition of mineral wool waste ( Figure 9 ).
The samples containing rock wools waste (up to 3.5%) maintain the flexural strength values similar to the reference, changing less than 5%. If rock wools waste is added in 4% or more, flexural strength increases continuously reaching a difference of 26.58% when compared to the reference sample results. This situation is achieved with 10% of rock wools waste addition.
For the samples that contain glass wool waste, flexure tensile strength decreases as waste percentage increases, Advances in Materials Science and Engineering reducing 12.36% with 2% addition in relation to reference values. From this point on, strength increases as addition percentage increases, reaching an increase of 34.38% in relation to reference values for the series with 10% glass wool waste addition. Density and mechanical strength are directly related; the increase of both properties is related to the increase of recycled mineral wools percentage addition. Figure 10 shows that samples with higher density achieved higher flexural strength in series containing glass wool (GW) or rock wool (RW) waste.
Compressive Strength.
The compressive strength of the new composite-with both mineral wools-was lower than the reference sample. Nevertheless, all the results exceeded the minimum value stated by the UNE-EN 13279-1 for construction gypsum composites (6 MPa) (Figure 11 ). 
Conclusions
In this research the physical and mechanical properties of a new composite material reinforced with recycled mineral wools in a plaster matrix have been studied and discussed.
Based on the results of this study the following conclusions can be drawn: and 0.6, is 10% (in weight), including higher content of mineral wools waste which exceeds the volume of the plaster and thus complicates its workability and increases the amount of air inside the samples.
(2) A good compatibility was found between mineral wool waste used in construction and the plaster matrix. Despite the mineral wools difficulty of absorbing water, these are distributed in a homogeneous way inside the samples, without floating in the mixture.
(3) The plaster composite, with recycled mineral wool waste analysed in this research, increases the density up to 6.75% compared to the reference samples when using rock wools waste and 6.07% with glass wool waste.
(4) Surface hardness Shore C values increase gradually till reaching their maximum value with the sample containing 4% of mineral wools waste. At that level the surface hardness value overcomes more than 10% of the reference values with both mineral wools. (6) The compressive strength values obtained with both wools are lower than those obtained with the reference samples. However, the results overcome 6 MPa which is the most restrictive value of compressive strength set by the UNE-EN 13279-1 standard. Thus, according to the tests performed, the proportions of the mixtures, under study so far, could be applied as gypsum or "special gypsum" for construction.
(7) Among the different mineral wools waste studied, glass wool waste is the most suitable to be used as addition for new gypsum composites without decreasing the mechanical behaviour. Flexural strength is increased by more than 30% compared to the reference series and more than 5% compared to rock wools waste samples. According to compressive strength, glass wool waste results are lower than those obtained with rock wools waste, and thus the minimum value required by the UNE-EN13279-1 standard is fulfilled. previous studies of plaster/gypsum reinforced with fibres, such as sisal short fibres, or even lower when compared to other fibres, such as acrylic, polypropylene, polyester, and glass fibres E. Moreover, compressive strength results obtained with both rock and glass wools waste are higher than the results obtained by other authors with polypropylene, glass E, and polyester fibres. Nevertheless, regarding series with acrylic fibres addition, the results are lower than the ones with recycled rock wool fibres and recycled glass wool fibres with more than 3.5% addition.
In view of the results, mineral wools waste, both rock wool and glass wool, is suitable for its incorporation into gypsum based products. As an example, it could be embedded in the core of plasterboards increasing their flexural strength. This will help to reduce the huge volumes of waste accumulated in landfills and therefore minimize both social and environmental costs.
